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Introduction and Background
Neonatal EOS refers to culture-proven bloodstream and/or central nervous system infection occurring in live born neonates soon after birth. It remains a significant cause of infant morbidity and mortality in both high and low-income countries [1] . Most events occur in the first 48 hours of life [2] . Based on varying definitions, recent reported estimated incidences of culture proven EOS range from 0.01 to 0.53/1000 live births in Europe [3] , 0.77/1000 in the USA [4, 5] to 0.83/1000 in Australia [6] . Recorded mortality has been as high as 30% in high-income and 60% in low-income countries [3] but has reduced in high income jurisdictions in recent years to around 10% of all babies with EOS [3, 7] . Preterm babies continue to suffer a much higher mortality than term infants [8] . Neonatal EOS is almost always due to pathogenic microorganisms acquired from the mother, either during or preceding birth [2, 5] . Infection may be trans-placental (haematogenous) but is more commonly thought to occur by an ascending route from the mother's genitourinary tract [9] .
Risk factors for early-onset sepsis
Perinatal maternal risk factors reported to be associated with EOS include recto-vaginal GBS colonisation, rupture of membranes (ROM) �18 hours, prematurity, and intrapartum fever [3] . Recently authors have questioned the value of including fever as a surrogate for chorioamnionitis [10] . However currently, maternal fever (�38˚) remains a risk factor for EOS in most jurisdictions [8, [11] [12] [13] . Other risk factors include bacteriuria in the index pregnancy and having a previous child diagnosed with early-onset group B streptococcal infection (EOGBS) [11] .
Pathogens
Early-onset sepsis due to E. coli is associated with high rates of mortality and morbidity, especially in preterm newborns [5] . The rate of multiple resistant E. coli has been described as stable overall but increasing in very low birth weight neonates (<1.500g) [14] . In term babies, population-based neonatal infection surveillance studies demonstrate that GBS remains the pathogen most frequently associated with term EOS [6, [15] [16] [17] .
Early-onset group B streptococcal sepsis
Whilst there is a decline in early-onset GBS (EOGBS) sepsis whenever any maternal intrapartum antibiotic prophylactic (IAP) is provided [18] and others have noted evidence for IAP to be strong [6, 19] , the most recent Cochrane review on the effectiveness of IAP concludes that whilst IAP appeared to reduce EOGBS, this may be due to bias. The Cochrane reviewers found a high risk of bias for one or more key domains in the methodology and execution of the studies included in their analysis [20] . Therefore, Cochrane states there is a lack of evidence from well designed and conducted trials to recommend IAP to reduce neonatal EOGBS. More recently we undertook a broader, integrative review and concluded the evidence that the incidence of EOGBS can be reduced by widespread administration of maternal IAP is not robust [20] .
Aim
To describe the epidemiology of EOS including blood culture utilisation, across a large and geographically diverse Australian health district.
Materials and methods
A retrospective cohort study design was employed using data from a cohort of live born babies and their mothers birthing in the Hunter New England local health district (HNELHD) in New South Wales (NSW), Australia over the period 2006-2016.
Study setting and population
New South Wales is the largest and most populous state in Australia covering a region of 131,785 square kilometres, equivalent to the size of England. In 2008 the state was divided into 15 local health districts (LHDs). The HNELHD is geographically and socially diverse. As of 2016, the health district had 873,741 residents. Aboriginal and Torres Strait Islander people account for 4.0% (equating to 21% of NSW's Indigenous population) and 19% of residents were born overseas [21] . The health district spans 25 local government areas and is the only regional health district in NSW with a metropolitan hospital and level three neonatal intensive care unit (NICU), an along-side birth centre and a freestanding birth centre nearby. In total, these centres support around 4000 births per year. The district also includes a mix of several large regional hospitals providing care for 500 to 1500 births per year through to 11 rural units servicing a small percentage of people located in more remote settings supporting <250 births per year.
Our study population included women from the original Hunter area birthing in 2006 to 2007. From 2008 onwards when HNELHD was formed, the cohort of women increased to include the 16 units mentioned above. The study population included women and babies of all risk categories, birthing within all publicly funded maternity services in the HNELHD including hospital, birth centre and planned births at home. From 2006 onwards women in the Hunter area/HNELHD were offered universal screening for GBS risk.
In this paper the term "pregnancies" better describes the total cohort of women as one woman could have been pregnant more than once during the study period, however, the term "women" represents all women and each of her pregnancies resulting in a live birth(s) from 2006 to 2016.
Blood culture utilisation
To evaluate EOS surveillance intensity, data from 2013 to 2016 were analysed to determine the proportion of babies from whom at least one blood culture was collected during the first 72 hours of life stratified by gestation (term or preterm). We collected demographic data for mothers and babies, antenatal and intrapartum risk factors for EOS together with the neonatal hospital course and short-term neonatal outcomes. Maternal GBS colonisation, prematurity, and rupture of membranes (ROM) �18 hours, plus maternal age (age is categorical including �20 years versus all others), were collected and used in analysis. While history of maternal GBS bacteriuria and a previous child with EOGBS are both GBS risk factors, considered in a decision to offer IAP, we were unable to obtain information on either. Data on rates of fever were poorly transcribed into the database and therefore were not included as a risk factor for sepsis in our analysis.
Demographics

Microbiological cultures
Results of culture positive blood and cerebrospinal fluid (CSF) specimens were accessed from the publicly funded pathology service provider (Auslab) and three of four private pathology providers. Early-onset sepsis events were identified from laboratory data, when significant isolates (bacteria or fungi) were obtained from blood culture and/or CSF collected within the first 72 hours of life. Cultures yielding �3 bacterial species or a potential contaminant e.g. coagulase negative Staphylococci, as specified by Schrag and colleagues, 2016 were assumed to have been contaminated and were therefore excluded [5] . 
Definition of early-onset sepsis
Researchers use a range of time frames to define EOS ranging from 48 hours to 7 days post birth [11] . The definition used here is neonatal sepsis arising within 72 hours of birth in accord with the definition used by the UK National institute for clinical care excellence (NICE) [3, 22] .
Morbidity and mortality
Admission and short-term morbidity were reported as serious or not serious. Serious morbidity was defined as the need for significant respiratory or circulatory support requiring neonatal intensive care and/or encephalopathy or seizures. It was not possible to assess long-term morbidity. Live status of each baby with an EOS event as of December 2017 was derived from the HNELHD patient demographics system, which is linked to NSW death registration data. . This publication adheres to the provision of privacy and confidentiality of patient data and clinical information, including NSW health records and information privacy act, 2002. The purpose of our study was to describe the epidemiology of EOS rather than individual events; therefore consent from individuals was not required. All data was de-identified and password protected.
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Ethics approval
Statistical analysis
Descriptive statistics on sample characteristics are provided. Incidence rates were calculated as cases per 1000 live births per year with t-tests being used for continuous variables. Chi-squared tests were used for proportions and Wilcoxon rank sum tests for comparisons of medians. Pvalues >0.05 suggest a statistically detectable difference between groups, which may or may not be clinically relevant and/or meaningful. We explored temporal trends in background allcause EOS sepsis in the individual birth data by using logistic regression with a linear temporal trend and covariates for potential effect modifiers.
Potential effect modifiers used were positive maternal GBS recto-vaginal colonisation, prematurity (<37 weeks gestation), rupture of membranes (ROM) �18 hours and maternal age (<20 years versus all others). We provide estimates of odds ratios, graphical visualisation, probabilities of events and the associated 95% confidence intervals and p-values. All models were checked for calibration and discrimination and we use a conventional significance level of 0.05 throughout.
Results
Study population
After exclusions, the study population included 62,281 women who had 92,055 pregnancies. These women gave birth to 93,584 babies. There was an increase in the birthing population during and after 2008 as the area restructured and HNELHD was formed. Ninety-eight per cent of live born babies (90,510) were singletons and 8,165 (8.9%) of the pregnancies were preterm resulting in 9,146 (9.8%) preterm live born babies. Eight per cent of women (9,336) identified as Aboriginal or Torres Strait Islander (ASTI). 
Early-onset sepsis
In total, 65 culture-proven EOS events were identified Fig 2. Over 80% of EOS was evident within 48 hours of birth 82, and 88% for term and preterm groups respectively. Most, but not all, babies subsequently diagnosed with EOS were born at the metropolitan unit 50/65 (77%). The annual change in the background rate of all-cause EOS was significant at the 0.05 level with a multiplicative change in the odds of EOS reducing by approximately 9% per year over the study period as indicated by an odds ratio of 0.91 (95% CI, 0.84 to 0.99, p = 0.03). Six women who identified as ATSI mothers had babies with EOS Table 1A & 1B. Term babies with early-onset sepsis. Twenty-two, (34%) of the 65 babies with EOS were term gestation. Baseline (2006) incidence of EOS in term infants was estimated with adjustment for gestation, birth weight, maternal GBS carriage, ROM �18 hours and maternal age to be approximately 0.5 (95% CI, 0.02 to 0.97)/1000 live births. By 2016, the rate was 0.19 (95% CI, 0 to 0.4).
Preterm babies with early-onset sepsis. Forty-three babies who developed EOS were preterm. Baseline incidence of preterm EOS was estimated with adjustment for gestation, birth weight, maternal GBS colonisation, ROM �18 hours and maternal age to be approximately 22/1000 live births (95% CI, 1.3 to 42.7) in babies with gestations <30 weeks and 3.4/1000 live births (95% CI, 0.1 to 6.8) in babies with gestations 30 to 36 weeks and 6 days. By 2016, the respective rates had fallen significantly to 8.8/1000 live births <30 weeks (95% CI, -0.5 to 18) and 1.4/1000 live births between 30 and 36 and 6 days (95% CI, -0.1 to 2.8) Fig 3. 
EOS surveillance intensity 2013-2016
Across the 4 largest birth units, the proportion of babies having at least one blood culture within 72 hours of birth varied from 1.9 to 5.1% for term and 21 to 35% for preterm babies with large year-to-year variation. Across the smaller units that do not care for preterm babies, the proportion of babies cultured was 1.1% or less, with a mean of 0.7%.
Diagnosis
All EOS events were diagnosed by blood culture. Forty-one (63%) babies also underwent lumbar puncture; 11/41 (27%) term and 30/41 (73%) preterm. Lumbar punctures were taken within two days of a positive blood culture in 31/41 (76%) cases. Of the 41 lumbar puncture tests taken, four (10%) were positive and results were in accord with the blood culture.
Gram-negative species predominated significantly in preterm EOS events, 24/43 (55%) and (4/23) 17% in term babies (p = 0.006); E. coli and other Enterobacteriaceae were the leading causes in 20/43 (45%) of the preterm cohort Table 2 . The rate of EOS due to E. coli over the study period was 0.19/1000 live births (n = 18); 0.02/1000 live births (n = 2) in the term cohort and 1.75/1000 live births (n = 16) in the preterm cohort. Gram-positive species were responsible for most EOS cases in term babies 18/22 (82%) versus 18/43 (42%) in preterm babies Table 2 . Group B Streptococcus constituted almost half of EOS events in term babies at 10/22 (45%). The overall rate of EOGBS was 0.19/1000 (n = 18) live births.
Neonatal clinical course
Of the 14 babies born outside the metropolitan unit, the majority 11/14 (79%) remained in their regional unit of birth for on-going care. Two babies were transferred to the local metropolitan unit and one was transferred out of the LHD. We were unable to follow up babies transferred out of area, excluding mortality. Most babies with EOS are referred to one of the public facilities for management and would have been captured within our data set. Furthermore, given the high proportion of preterm babies undergoing blood culture in our district (21 to 35%), it is unlikely events were missed. 
Morbidity and mortality
Thirty-three (50%) babies had serious short-term morbidity, in particular, ventilatory support requiring neonatal intensive care. Serious, short-term morbidity occurred in 8/13 (62%) term babies with non-EOGBS sepsis and 4/10 (40%) term babies with EOGBS. It was not possible to report on long-term morbidity. Overall, 10/65 (17%) babies with EOS died; all were preterm. The rate of preterm mortality was 1.1/1000 preterm births and rate of mortality per total live births was 0.1/1000. Gestation ranged from 24 to 34 weeks and weight from 630 to 2440 grams. Six of the 10 babies that died had early-onset E. coli infection. Mortality occurred at a median of three days after birth [range 6 hours to 44 days]. All deaths occurred at the metropolitan hospital.
Discussion
This study provides an eleven-year, "real world" view of the epidemiology of EOS in a geographically and socially diverse setting. The EOS surveillance intensity varied with up to a twofold difference in the proportion of term babies undergoing blood culture testing across the four largest neonatal units. Aside from the variation caused by different case mix, there are likely to be significant differences in clinician thresholds for blood culture collection, which will impact on measured culture proven EOS rates. Blood culture utilisation should be included in future studies in accord with best epidemiological practice. All-cause EOS events declined significantly with a multiplicative change in the odds of EOS reducing by approximately 9% per year over the study period. Escherichia coli (n = 18) and GBS (n = 18) were the most common bacteria causing EOS events. The very low frequency of EOS events limited what could be established statistically, however, the modelling showed a significant reduction in E. coli but no evidence of a significant change in EOGBS over time.
Historically, babies of ATSI mothers have been over-represented in early-onset sepsis data. In our study, there were six babies whose mothers were identified as ATSI. These babies represent 9% of all infants with EOS. This finding is similar to the proportion of ATSI women in our total cohort Table 1A & 1B and agrees with Singh et al whose work suggests the rate of EOS in babies of ATSI mothers may be decreasing [5] .
The estimated incidence in 2016 of all-cause EOS in term babies was 0.19/1000 live births (95% CI, 0 to 0.4) at the overall median birth weight of 3.42 kg. After adjustment was made for gestation, birth weight, positive maternal GBS, ROM �18 hours and maternal age, this represented a non-significant decline from 0. This result is consistent with other studies [5, 6] .
As expected, EOS was highest in preterm infants with two-thirds of events occurring in this group. All-cause EOS events in preterm babies showed a significant decline over the years. The decline in incidence of all preterm EOS events possibly represents the effect of local changes in the management of preterm birth which, since 2011, has included routine pre-emptive antibiotic treatment upon presentation of mothers in preterm, or suspected preterm labour (Murray, H., personal communication, 2018) and advances in neonatal intensive care provision over the study period.
A universal screening approach was recommended in our LHD across the study years, with risk factors considered if a woman was GBS unknown. The crude incidence of EOGBS across term and preterm groups in our study was low at 0.19/1000 live births and, despite minor fluctuations, did not change significantly over time. Whilst we acknowledge that EOGBS rates have increased and decreased across various jurisdictions during our study period, our results compare favourably with the contemporary incidence of EOGBS recorded by the English Neonatal Infection Surveillance unit, 0.57/1000 live births, using a risk factor approach [23] ; a large, multi-centre study from the US, 0.2/1000 live births, using a universal screening approach [5] and 0.33/1000 live births in a recently published Australasian study [17] . In Australia either a universal or risk factor approach is used. New Zealand recommends a risk-based approach [24] The use of IAP in our cohort has not been associated with a detectable increase in antimicrobial resistance or EOS due to non-GBS causes. However, increasing community colonisation with extended spectrum betalactamase-producing E. coli (7.5% in 2015) is documented in Australia and may, in future lead to increasing EOS events due to such strains [25] Table 2 . In the tertiary facility, there have been two multi-resistant E. coli EOS events subsequent to this study's time period with isolates that were both resistant to gentamicin. One isolate was also resistant to ceftriaxone (CTX-M-1 extended spectrum betalactamase gene detected).
Limitations of this study include the focus on reported culture-proven EOS events, which may have under-estimated the true burden of EOS due to false negative culture results. While our models adjusted for relevant variables, we were unable to use all EOS risk factors, as history of GBS bacteriuria and having a previous child with EOGBS were not available from the database. Fever is currently stated as a risk factor for EOS but was poorly documented and therefore not used in our analysis.
The observational design may limit generalisability and is unable to rule out all possible biases. Our study is however, generalisable to other diverse jurisdictions that can link pathology data with a maternity outcomes database such as ObstetriX or e. Maternity.
We believe strengths of this study are the inclusion of women with low and high-risk pregnancies across a geographically and socially diverse region, over a long period of time, in a setting where maternal universal screening for GBS was in place throughout the study period. Further, unique to our study, the inclusion, and evaluation of EOS surveillance intensity by studying blood culture utilisation.
Future direction
Neonatal sepsis is an important issue in both low and high-income countries. At best, these invasive infections separate mothers and babies and strongly impact on the health care budget. At worst, invasive sepsis increases preterm birth, stillbirth, neonatal morbidity, and mortality. Although rates of GBS, the most common bacteria affecting term babies, remained low throughout our study, the potential for a vaccination to reduce risk of EOS due to GBS is attractive. In a recent multi-centre trial, GBS CPS III-TT conjugate vaccine significantly delayed maternal vaginal and rectal GBS serotype III colonisation [26] .
However, a significant proportion of EOS occurs before a pregnancy is term and is due mainly to non-GBS causes. Most preterm babies do not benefit from maternal third trimester GBS screening and may not benefit from GBS vaccination. Whilst antenatal and intrapartum vigilance for signs of sepsis is crucial, a more upstream prevention such as optimisation of maternal factors that influence the neonatal and vaginal microbiome is worth consideration.
Finally, a tool that can assist clinicians in predicting the probability of EOS based on maternal risk factors as well as the baby's clinical presentation is being used in West Australia. Using this tool, the risk of EOS can be calculated in a baby born �34 weeks gestation [27] . The interactive calculator produces the probability of EOS per 1000 births. As well as reducing the proportion of newborns undergoing laboratory testing and receiving empirical antibiotic treatment [28] , clinical care algorithms can assist a family's decision making around GBS screening and IAP provision, thereby possibly reducing the number of women and babies unnecessarily exposed to this intervention [29] . Such public health initiatives are best implemented, guided and audited by a multi-disciplinary maternity and neonatal care team.
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